Aims: Atrial dilatation and myocardial stretch are strongly associated with atrial fibrillation (AF). However, the mechanisms by which the three-dimensional (3-D) atrial architecture and heterogeneous stretch contribute to AF perpetuation are incompletely understood. We compared AF dynamics during stretch-related AF (Pressure: 12 cmH 2 O) in normal sheep hearts (n=5) and in persistent AF-remodeled hearts subjected to prolonged atrial tachypacing (PtAF, n=8). We hypothesized that, in the presence of stretch, meandering 3-D atrial scroll waves (ASWs) anchored in regions of large spatial gradients in wall thickness.
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endocardial-epicardial one second-movie sample for each animal was analyzed during AF. After that we obtained a DF map of the 1-second epoch analyzed we delineated the DF maximum (DFmax) region as follows: The pixels corresponding to a contiguous highest DF value ± 0.5 Hz were included in the DFmax region, which boundaries were drawn digitally. Thereafter, the corresponding phase movie was analyzed with specific attention to wave patterns within the DFmax region. (i) rotors, defined as a spiral wave rotating around an organizing center for more than one rotation; (ii) breakthroughs (BTs), Appearance: A wave, which observed after a 12 ms lifespan (6 frames) locates within the field-of-view, i.e which outer limits have no contact with the edges of the field of view but are at least in part intersecting with the DFmax region. Propagation: in general BTs propagated centrifugally in a homogeneous manner; however, some BTs preferentially propagated in one direction. (iii) one-way propagation waves (OPs), Waves emerging from one edge of the field, or in contact with the field-of-view edges within 12 ms of lifespan, and propagating in one direction throughout the field-of view including the DFmax region. Then, the epicardial and endocardial patterns were compared and the following groups were formed: (1) Identical endocardial-epicardial wave activation: 1.1 Dual endocardial-epicardial rotor:
When the endocardial and epicardial reentrant activities where similar in terms of singularity point(s) anatomical locations, chirality (wavefront within 90° of each other) and cycle length (±2 ms), the patterns were classified as an I-shaped filament atrial scroll wave (I-ASW). ASW is classically described as a 3dimensional functional reentrant activity spanning through the full myocardial thickness. Depending on the shape of the center of rotation (filament) the scroll wave may be described as I-shaped, U-shaped, Lshaped. 13 1.2 Endocardial-epicardial similarity in wave directionality: Directionality was classified as identical when, besides similar wave morphologies on the epicardium and the endocardium, the endocardial-epicardial wave main directionality was similar. For example when a wave was propagating from the upper to lower edge on the endocardium, a similar wave direction-upper edge to lower edge-was required to classify this wave as identical. 1.3 Endocardial-epicardial BTs: Endocardial and epicardial BTs were classified as simultaneous when they appeared within 12 ms (6 frames). (2) Non-identical endocardial-epicardial wave activation: When epicardial and endocardial patterns were different in terms by guest on Accepted Manuscript 6 of pattern morphology and/or wave directionality we classified endocardial-epicardial patterns into the following wave patterns combinations: rotor-OPs, rotor-BTs, OP-BTs, OP-OPs of different direction.
Additional classification criteria pertaining to cut-off values are presented in the online supplement.
PtAF models
To obtain PtAF (n=8), we employed an atrial tachypacing-induced PtAF model in sheep. PtAF sheep were anesthetized with intra-venos propofol 4-6 mg/kg and isoflurane 1-3%. A right atrial pacing lead was implanted from right jugular vein at the RAA. To monitor the adequacy of anesthesia, heart rate, respiratory rate, blood pressure and body temperature were monitored during surgery. After 24-hour of pace maker implantation, stimulation was initiated at 20 Hz in 30-sec-periods. The stimulator automatically switched to a sensing mode once AF was detected, enabling AF to perpetuate in the absence of external stimulation. In all hearts, sustained AF episodes (21.3±11.9 days) were obtained within 1-7 weeks of atrial tachypacing (OS- Table 5 ). ECG and echocardiography performed weekly indicated the presence of PtAF and of progressive atrial dilatation. (OS- Figure 1 , Table 2 ).
Numerical Simulations
We conducted simulations using a 3-D atrial geometries composed of two discs implemented with a human atrial model (Courtemanche-Ramirez-Nattel model). 14 We employed a rectangular volume including 100x100x50 nodes homogenously distributed and corresponding to 10x10x5 mm, some of them being active while others were dormant ( Figure 6A ). Control and PtAF conditions were mimicked by modifying 3 or 4 major ionic conductances as previously reported. 15 The AF-3 current condition was obtained by incorporating a downregulation in the densities of the transient outward K + current, I to (by 50%), the ultrarapid delayed rectifier K + current, I Kur (by 50%), and the L-type Ca 2+ current, I CaL (by 70%), without additional increase in the density of the inward rectifier K + current, I K1 . The AF-4 current condition was obtained by associating an increase in I K1 density (by 100%) to the 3 aforementioned current changes. Also, 2 levels of stretch-activated channel conductances (thin: 4 µm, thick: 2 µm) were by guest on Downloaded from Accepted Manuscript 7 incorporated according to Kamkin et al. 16 A detailed description of the computer model, including the implementation of stretch-activated channels conductances, as well as the analyses performed is included in the Figure 6 and Online Supplement.
Statistics Analysis
Group data were expressed as mean±SD. Frequency data ( figure 2C ) were compared with a repeated measure two-way analysis of variance test: 2 (condition; NH and PtAF) ×4 (location; LA-PV junction, LAA, RAA and CS). Statistical comparisons in the constant pacing: i) conduction velocity ii) action potential duration iii) wavelength were also performed by one-way ANOVA. Differences were considered significant when p <0.05.
Results

AF dynamics associated with atrial stretch
We generated phase movies to examine global AF dynamics in the presence of stretch. In Figure 2A we present representative phase maps obtained simultaneously from three different atrial locations at two different times during a long AF episode (top, 40 ms; bottom, 742 ms) in a PtAF heart. A clockwise rotor on the LAA epicardium (epi) lasted longer than 2 min. Importantly, in this experiment long-lasting rotors (>3 rotations) appeared intermittently at the same epicardial location for the duration of the experiment (3-4 hours). Simultaneously, the activity on the endocardium (endo) of the PLA was somewhat slower but very complex, manifesting as multiple breakthroughs and wavebreaks (middle panel). However, on the RAA epicardium, the maps demonstrated relatively slow, spatio-temporally organized activity, including brief periods of figure-of-8 reentry (upper panel) and organized waves entering from outside the optical field. As shown by the top maps of Figure 2B , such global dynamics gave rise to a relatively shallow LAA-PLA-RAA DF gradient of 1.3 Hz, which indicated that the rotor in the LAA was the driver that maintained AF. By comparison, in a normal heart (NH), the activity was maintained by a small source on the PLA-endo near the left pulmonary vein. The DF of that source was 16 Hz, which resulted in a very steep PLA-LAA-RAA gradient of 9.6 Hz. Altogether, as summarized diagrammatically in Figures 2C and D analysis of the optical and/or electrical DF on four different locations (LA-PV junction, CS, LAA and RAA) demonstrated that in normal hearts the PLA had the largest frequencies of activation, with relatively large gradients from LA to RA. However, in PtAF hearts DFs were slower and the DF gradient was shallower. In other words the overall DF dispersion was significantly larger in NH than PtAF hearts (8.7±1.5 versus 3.0±1.0 Hz, p<0.05). These results are very similar to those found previously in patients and indicate that atrial remodeling in PtAF somehow increases the ability of both atria to harbor AF sources away from the pulmonary veins. 5, 17 Figure 2E , in 5 normal hearts only a few non-sustained rotors confined to the PLA were seen during AF. In sharp contrast, in 5 PtAF hearts rotors lasting > 3 rotations were found in higher numbers and with much wider distribution throughout both atria, although with some preference for the LA.
Activation patterns of stretch-related AF at the LAA
In the normal heart, AF was characterized by multiple centrifugal breakthroughs, wavebreaks and short-lived reentries suggesting an interplay between reentrant waves and fibrillatory waves conducted transmurally as previously reported. 9 Figure 3 summarizes the overall differences in patterns of propagation that were observed at the regions with the highest LAA DF. In average number of activation in NH and PtAF, I-ASW was significantly increased from 1.0±1.4 to 6.2±2.3 (p<0.05), whereas BTs number was significantly decreased from 3.8±1.6 to 0.2±0.4 (p<0.05). The patterns of propagation were classified as indicated on the lower schematic. As depicted in the graphs, the vast majority of LAA patterns was constituted by I-ASWs (31/42 AF waves) in PtAF hearts while breakthroughs (19/43 AF waves) and one-way propagations (13/43 AF waves) were the most frequent in normal hearts.
AF sources and 3-D Scroll Waves
We hypothesized that the atrial rotors recorded optically from the epicardium of PtAF and normal hearts corresponded to 3-D scroll waves spanning the thickness of the wall. Therefore, we obtained simultaneous epicardial and endoscopy guided endocardial movies to reconstruct 3-D ASWs associated with AF. Phase maps of the two recording surfaces of a given atrial area made it possible to detected concurrent epi and endo phase singularities (PSs) around which functional reentry organized (Online Supplement). As illustrated in Figure 4 , analyzing the synchronous dynamics of epi and endo rotors of the same frequency and chirality made it possible to connect their respective PSs by means of a virtual filament, which then was used to follow the dynamics of the resulting ASW. Figure 4A and OS-Movie 1 illustrate the behavior of a long-lasting ASW with an I-shaped filament (white line) on the LAA. The rotation was clockwise and sequential snapshots taken over a period of 1120 ms demonstrated that the filament meandered over a relatively narrow area. In addition, similar to what has been shown for scroll waves in other excitable media, 18, 19 the epicardial and endocardial ends of the filament could be in phase or else show phase shifts relative to each other (e.g., middle panels) that may have resulted in filament twist. In figure 4B , the epi and endo singularity points' pixel coordinates were utilized to trace their trajectories with respect to the real anatomy of the LAA. This allowed estimating the filament's drift trajectory and its interaction with the atrial wall. For example, figure 4C and OS-movie 2 indicate that the ASW shown in figure 4A and B was organized by a filament that drifted along the edge of a large pectinate muscle (white line). Figure 5A shows sequential epicardial phase maps of the LAA of a normal heart (top) and a PtAF heart (bottom). In the normal heart, AF was characterized by multiple centrifugal breakthroughs, wavebreaks and short-lived reentries suggesting an interplay between reentrant and spontaneous focal discharge mechanisms. 9 In contrast, the 3 sequential phase maps from a PtAF heart are all highly organized by a single, relatively stable rotor. Figure 5B summarizes the phase singularity (top, red dots) and I-filament by guest on May 1, 2016
Short-lived phase singularity vs long-lasting scroll waves
Numerical Simulations
As illustrated in Figure 6A -C, we initiated ASW using an S1-S2 protocol and studied the filament dynamics in the absence and the presence of heterogeneously distributed stretch. We compared the results in control (normal heart condition) with those after ionic remodeling secondary to changes in either 3 or 4 major ionic conductances as previously reported (PtAF-3 currents and PtAF-4 currents). 15 As illustrated in Figure 6C , in the absence of stretch, simulated ASWs drifted continuously with their filament inscribing a flowery pattern around the interface between thin and thick regions. In a similar experiment with inverted geometry (i.e., thick region in the periphery) the filament also circumnavigated the boundary between thin and thick regions (online supplement figure 3 ), which demonstrated that the drifting behavior was independent of boundary conditions. We then compared filament dynamics in terms of the meandering angle α ( Figure 6C) in the presence and the absence of heterogeneous stretch. Figure   6D clearly shows that while ionic remodeling alone increased the amount of meandering, stretch significantly reduced meandering in all cases, regardless of the experimental condition (i.e., normal; PtAF-3 currents; PtAF-4 currents). However, as shown in Figure 6E , the stabilizing effect of heterogeneous stretch, measured as ∆α, was substantially larger under both conditions of ionic remodeling than in the normal case. Finally, we examined in detail the time spent by ASW filaments in the thin versus thick regions of the 3D geometry. As shown in online supplement figure 4, in all cases most of the filaments' time was spent in the thin region regardless of the presence or the absence of stretch, although stretch appreciably increased the difference in PtAF conditions.
Discussion
The most important results presented here are as follows: (i) 3-D stretch-related AF dynamics are different in normal vs PtAF hearts. In the former, ASWs are short lived and interact repeatedly with focal breakthroughs and incoming wavefronts from outside the optical field; in the latter, ASWs are more numerous and long-lasting, and are widely distributed throughout both atria. (ii) In both NH and PtAF hearts, ASWs form and meander around regions of sharp transition in myocardial thickness, but ASWs by guest on PtAF compared to normal hearts. Thus, we recognize that during PtAF two or more ASWs may coexist to maintain AF.
Atrial wall thickness and ASWs' filament tension
Our simulations predict that gradients in myocardial thickness are responsible for gradients in stretchactivated channel activity and that both gradients are the main determinant of scroll wave dynamics. We thus propose that heterogeneity in myocardial thickness while intra-atrial pressure is constant leads to a differential sarcomere lengthening in thick and thin regions which in turn activates stretch-activated channels heterogeneously. Such heterogeneities-exquisitely located at the transition thick-to-thin myocardium are likely to be sites at which SWs filaments stabilize. The importance of the scroll wave filament tension as a determinant of scroll wave stability was previously demonstrated in silico as well as in experiments in heterogeneous chemical excitable media. 18, 27, 28 Under conditions of normal excitability, the filament is submitted to a "positive tension" which forces it to shrink, and therefore to drift toward the thinnest portions of the medium. 27 In contrast, in conditions of low excitability, the filament tension becomes negative, and therefore the filament may grow in length, become unstable and rapidly drift toward and terminate in the thickest portion of the medium. 29, 30 Moreover, in theory, sharp transitions between thin and thick excitable media should favor scroll wave formation and anchoring. 13 Such numerical predictions are consistent with our experimental results showing that the heterogeneous atrial architecture forces ASWs to drift toward the thinnest regions. Our data further show that during AF, ASWs form and linger around interfaces between thin and thick atrial muscle regions, presumably because of opposing drifting influences exerted by the two regions. As presented in Figure 5E and also in OS- Table 1 , the conduction velocity was markedly decreased (about 30%) in the thinnest regions. We propose that this was likely to prevent ASWs from drifting into the thick regions where filaments experience greater instability. We reported previously, 31 that when an impulse propagates from a thin (e.g., one of the PVs) into a thick region (e.g., the PLA) , electrical source-to-sink mismatch leads to propagation delays, wavebreak and ASWs formation. Here we demonstrate that most ASWs meander by guest on and/or stabilize at large gradients in myocardial thickness. Previously, Wu et al. 24 indicated that pectinate muscle ridges are sites of electrical source-to-sink mismatch where wavebreaks often occur, resulting in spiral wave attachment. The present work confirms these findings as exemplified by figure 5 showing a high propensity for wavebreak formation where pectinate muscles merge with the atrial wall. Besides, our results provide an explanation for the maintenance of reentrant sources in such locations. We propose that the 3D dynamics of atrial SWs in the presence of heterogeneous myocardial thickness and stretch results in SWs anchoring in regions of increased thickness gradients.
Stretch contributes to ASWs stabilization
Our experiments indicate that in PtAF hearts, ASWs tend to stabilize at the edges of pectinate muscles.
The simulations confirm that filament meandering tends to be confined to myocardial thickness interfaces, and demonstrate that, while ionic remodeling alone increases the rate of drift, the addition of stretch greatly decreases the filament angular meandering and leads to ASWs stabilization (see figure 6D and E).
Such predictions agree well with the significantly increased ASW filament lifespan in PtAF hearts, in which several ASWs lasted for 6 rotations or more ( Figure 5C ). Interestingly, ASW stabilization did not correlate with the decreased APD and WL that are characteristic of remodeling in PtAF hearts. APD shortening has been previously associated with a decreased meandering in 2D simulations in the absence of stretch. 15 However, our results demonstrate that heterogeneity in muscle thickness supersedes the ionic remodeling effect and contributes to scroll wave meandering along large thickness gradients. Then, atrial dilatation and heterogeneous stretch provide additional conductances that force ASWs to stabilize (see Figure 6 and OS- Figure 2 ). In this setting, it is likely that unbalanced source-to-sink relationships, produced by uneven stretch-activated ion channel conductances in thin versus thick portions of the myocardial wall, significantly contributed to decrease ASW filament meandering. Thus, we propose that heterogeneous thickness and stretch together with ionic remodeling predispose to ASW stabilization. 
Clinical Implications
Altogether, the data agree with clinical findings indicating that the atrial architecture plays a critical role in establishing the substrate for both paroxysmal and persistent AF maintenance. In addition, the results provide a feasible mechanism by which the 3-D atrial architecture of the human remodeled atria may favor ASW stabilization and perpetuation. They show also that in the electrically remodeled, dilated atria one or several relatively stable reentrant sources stabilize at interfaces between thick and thin muscle.
Such a different behavior helps explain the large difference in AF ablation outcomes in paroxysmal versus persistent AF. 5 Obviously, additional factors are likely to contribute to such different outcomes.
One major candidate is structural remodeling and its manifestation as fibrosis, which has not been considered here and must be evaluated in future studies.
Limitations
Because of technical limitations, electrophysiological and hemodynamic measurements in vivo as well as an evaluation of autonomic remodeling were not obtained. Also, interstitial fibrosis might have played an important role in ASW dynamics. While we measured an increased percentage of interstitial fibrosis in the LAA of remodeled hearts vs. normal hearts (data not shown), we did not evaluate the relationship between interstitial fibrosis distribution and ASW location. In terms of spiral wave dynamics in 2D, we have recently emphasized that the percentage as well as the distribution of fibrotic patches are of paramount importance. 32 A definitive experimental proof of our proposed mechanisms of AF maintenance would be to show that an electrical gradient is induced by heterogeneous stretch-activated channel activation. We thus recognize that this aspect of ASW dynamics, as well as the effect of SACs blockers in PtAF hearts will have to be investigated in future works. Recently, Cha et al. have demonstrated that IKH are upregulated in atrial tachypaced AF. 33 Nevertheless, these are not considered in our simulations. Also, our numerical model did not account for variations in fiber direction expected with changes in myocardial thickness. Between 64 and 140 ms, the filament drifted across a pectinate muscle segment before anchoring to a neighboring island of thin myocardium. Phase map colors as in Figure 1 . 
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